A protein based electrochemical sensor for the detection of hydrogen peroxide based on Myoglobin immobilized on gold nano structures patterned on Indium tin oxide electrode was developed. A uniformly distributed nanometer sized Au-array on ITO electrode surface was obtained by optimizing electro deposition conditions. The morphology of Mb molecules and Au-nanostructures on ITO was investigated by scanning electron microscopy. A Cyclic voltammetry technique was employed to study electrochemical behavior of immobilized Mb on Au/ITO electrode. From CV, a pair of quasireversible redox peaks of Mb obtained in 10 mM PBS buffer solution at 0.28 and 0.11 V respectively. From the electrochemical experiments, it is observed that Mb/Au/ITO electrode provides a facile electron transfer between Mb and modified ITO electrode and it also catalyzes the reduction of H 2 O 2 . A linear increase in amperometric current with increase in H 2 O 2 concentration was also observed. The stability, reusability and selectivity of the biosensor were also evaluated. The proposed biosensor exhibits an effective and fast catalytic response to reduction of H 2 O 2 which can be used in future biosensor applications.
INTRODUCTION
H 2 O 2 is an important intermediate product of vital reactions, and it is useful to study hydrogen peroxide (H 2 O 2 on life processes. Therefore, it is particularly important to detect H 2 O 2 and its detection attracts the attention of many investigators. 1 The fast electrochemical H 2 O 2 sensing with selectivity and sensitivity has emerged an analytical tool because its role as an essential mediator in food, pharmaceutical, clinical, industrial and environmental analyses. [2] [3] Also H 2 O 2 is the main product of most enzymatic reactions; thus, its detection is very interesting for the development of biosensors. 4 5 Hence several analytical methods have been developed for the detection of H 2 O 2 , such as fluorescence, chemiluminescence, and electrochemical methods. [6] [7] [8] Among these methods, electrochemical detection of H 2 O 2 has advantages like low * Author to whom correspondence should be addressed. detection limit and low costs. Many electrochemical techniques make use of the reduction of H 2 O 2 by the catalysis of immobilized enzymes or protein to construct biosensors, which are based on direct electron transfer between an electrode and immobilized protein. [9] [10] [11] [12] [13] It is also well known that the study of direct electron transfer of redox proteins can establish a good model for understanding the complicated electron transfer mechanisms in biological systems and elucidating the relationship between their structures and biological functions.
14 However, direct electron transfer between redox proteins and electrode is usually sluggish due to the deep burying of electroactive groups in the protein, denaturing caused by the serious adsorption of proteins at the electrode surface, and the unfavorable orientation of the protein immobilized at the electrode surface. 15 When a redox protein is immobilized on biocompatible metal nanostructures, it will exhibit reasonably fast electron transfer kinetics and permit the electrochemical 16 Gold nanoparticles (AuNPs), including the AuNP-modified electrodes have been extensively used for different applications. [17] [18] [19] AuNP-modified electrodes can be prepared by potential-step or pulsepotential electrodeposition and the control of particle density and size distribution achieved by adjusting the electrodeposition parameters was discussed. Apparently, the good biocompatibility and abundant edge sites of the AuNP/ITO electrode offer great advantages for the fabrication of biosensors. Metal nanoparticles in conjugation with redox proteins have been proved good candidates for enzymatic molecule based biosensors as AuNPs has large surface area for enzyme immobilization, its biocompatible nature and suitable for direct electron transfer from catalytic molecule to electrode. 20 Hence the modified hybrid electrodes usually exhibit a unique electrocatalytic behavior or high sensitivity. The electrochemical detection of H 2 O 2 by using protein containing the heme groups, such as myoglobin [21] [22] and hemoglobin [23] [24] which possess peroxidase like catalytic activity, which can reduce H 2 O 2 due to electroactive heme center, has been reported by different research groups.
Myoglobin (Mb) is a 16.7 kDa heme protein in muscle tissues which functions to store and transport oxygen. It contains a single polypeptide chain with an iron heme as its prosthetic group. Studies of electrochemical behavior of heme proteins are essential for a fundamental understanding of their biological activity. 25 Mb is an ideal molecule for the study of electron-transfer reactions of heme proteins and also for biosensing and electrocatalysis. Owing to the commercial availability and known structure, myoglobin (Mb) was used as an ideal model protein for catalytic reduction of H 2 O 2 in this work. In this paper, the Mb immobilized on gold nanoparticles formed on ITO surface, showed fast direct electron transfer and excellent electrocatalytic activity to the reduction of hydrogen peroxide, leading to good analytical performance for electrochemical detection of hydrogen peroxide.
EXPERIMENTAL DETAILS

Materials and Reagents
Myoglobin from horse heart was purchased from Sigma-Aldrich (St. Louis, MO., USA) was used as received and stored at −20 C. Hydrogen tetracloroaurate trihydrate (HAuCl 4 · 3H 2 O), 11-mercaptoundecanoic acid (MUA), N -hydroxysuccinimide (NHS), 1-ethyl-3-(3-diethylaminopropyl) carbodiimide hydrochloride (EDC) and isopropyl alcohol were also obtained from SigmaAldrich. Polyethylene glycol (PEG-200) from Yakuri Chemicals (Japan) was used as received. Hydrogen Peroxide (H 2 O 2 (30%) was brought form Daejung materials and chemicals (South Korea) and diluted in DI water to prepare different concentration solutions. The electrolyte for CV experiments is 10 mM phosphate buffered saline (PBS) of pH 7.0. All other chemicals were of reagent grade and used as received. All solutions were prepared with pure water (18 M cm) purified with a Milli-Q system (Millipore, Bedford, MA). All electrochemical experiments were performed in 10 mM PBS buffer solution with pH 7.0. High purity nitrogen was used for deaeration. The buffer and sample solutions were purged with highly purified nitrogen for 5 min prior to each experiment. Nitrogen atmosphere was maintained over the solutions during experiments. For the formation of Mb/AuNPs/ITO electrode, Au-electrodeposited ITO was incubated with 20 mM 11-MUA and later with EDC and NHS.
Preparation and Modification of Au-ITO Surface
26-27 20 L of 0.20 mg/ml Mb was dropped on this activated electrode surface and kept in refrigerator at 4 C for 24-hours before using it for electrochemical study. To remove unbound protein molecules, Mb/AuNPs/ITO were thoroughly washed with DI water and dried with N 2 gas. The immobilization process of myoglobin on AuNP/ITO is represented in Figure 1 .
Apparatus and Measurements
UV-Vis absorbance spectroscopy was performed using a UV-Vis-3100-Nir Recording Spectrophotometer (Shimadzu, Japan). Scanning electron microscopy images were obtained using a field emission scanning electron microscope (Hitachi S-4300) operation at an acceleration voltage of 20 kV. Electrochemical measurements were performed on a CHI 730 A electrochemical analyzer (CHI Co.) at room temperature (25 C) with a conventional three-electrode system with Mb/AuNPs/ITO as a working electrode, a platinum wire as an auxiliary electrode, and Ag/AgCl/KCl sat as a reference electrode. For cyclic voltammetry experiments of Mb/Au/ITO electrode, the scanning potential range was set from 0.5 V to 0.0 V at the scan rate 100 mV s −1 . The current-time measurements were carried out at 0.5 mV with successive addition of 10 L of 100 mM H 2 O 2 in 10 ml of 10 mM PBS buffer electrolyte, pH 7.0.
RESULTS AND DISCUSSION
Surface Morphology of the Au Electrodeposited ITO Electrode
Electrochemical deposition could provide an easy and rapid alternative for the preparation of gold nanoparticles electrodes in a short time. The SEM was used to evaluate the physical appearance and surface characteristics of AuNPs on electrode surfaces. The SEM morphologies of the AuNP/ITO surfaces are shown in Figure 2 . As can be seen, many spherical gold nanoparticles are electrodeposited on the ITO film coated glass surface (Figs. 2(a) , (b)). As deposition potential is increased from −0 13 to −1 8 V, the number of particles increases. 25 Bumpy particles are formed at potential −0 13 V. The potential dependence of nanoparticle density and size has been described elsewhere. 31 The higher negative overpotential is responsible for the formation of more number of nucleation centers and these nucleation centers grows into particles with time. If the numbers of such nucleation sites are more, then the metal ions from electrolyte will be utilized to increase the nuclei size rather than forming a particle on bare ITO. This also results both in the particle size increase as well as and the inter particle distance reduction with higher particle density. The AuNPs size is a very important factor for the performance of enzyme electrode.
UV-vis spectra of the electrodeposited AuNPs are shown in Figure 3 . The absorption spectra for the samples electrodeposited at −1 8 V, −1 3 V and −0 13 V showed the distinctive absorption peaks centered at 555, 576 and 608 nm, respectively (Figs. 3(a)-(c) ), which can be attributed to the plasmonic absorption of electrodeposited gold nanoparticles. The difference in shape and size of the gold nanoparticles reflects in the absorption peak wavelength shift. The interparticle distance is also a prominent factor in plasmon absorption of such modified electrodes. A contact with the ITO substrates of high refractive index (−1 9 at ∼ 500 nm) which is known factor of red-shift in the resonance wavelength. 28 Even though it has been proved experimentally and theoretically that the extinction peak wavelength is red-shifted as the size of spherical particles increases, the smaller particles showed the more red-shifted peak than the larger particles. [28] [29] This may be attributed to stronger plasmon coupling in the former because of the shorter interparticle distance. [30] [31] The absorption peaks observed at 410-430 nm are probably due to residual interference fringes of the ITO film because of incomplete cancellation of the fringes. 28 
Electrochemical Behavior of Mb/AuNP/ITO Electrode
The characteristic CV responses were measured in N 2 -saturated 10 mM PBS buffer (pH 7.0) at the scan rate of 100 mV s −1 to get the real surface information of the AuNPs electrodeposited ITO electrode. The scanning potential was varied from 0.5 to 0.0 V. Figure 4 shows the corresponding CV curves of (a) the bare ITO and (b) AuNPs/ITO electrodes. There is no observable faradaic current on the bare ITO electrode. A small increase in background current was observed for AuNPs/ITO electrode, which was due to the presence of AuNPs on ITO surface resulted in generating the increased active electrode area. This gives another confirmation that the AuNPs are formed on ITO electrode surfaces. A pair of wellbehaved and nearly symmetric redox peaks was observed at the Mb/AuNPs/ITO electrode. In contrast, there was no cathodic or anodic peak on both bare ITO (Fig. 4(a) ) and AuNPs modified ITO (Fig. 4(b) ) electrodes. It confirms clearly that the redox peaks of the Mb/AuNPs/ITO electrode are attributed to the direct electron transfer of redox protein Mb. The formal potential (E 0 = E pc + E pa /2) was the active electrode was found to be 0.19 V. Figure 5 (a) depicts the typical CVs of the enzyme electrode in 10 mM PBS (pH 7.0) at different scan rates. With the increasing potential scan rate, a linear increase and shift in the separation of the anodic and cathodic peak potentials was observed. The anodic (I pa and cathodic (I pc peak currents are both linearly proportional to the scan rate from 10 to 100 mV s −1 , as displayed in the inset fo Figure 5 (a). All these results are in agreement with the typical surface-controlled or thin-layer electrochemical behavior, as expected for immobilized systems. Figure 5 (b). A stepwise increase in currents was observed after successive addition of 10 L of 100 mM H 2 O 2 to 10 mL of buffer solution. To confirm that the enhancement in current of sensor is from active element that is Mb, the amperometric response of AuNPs/ITO was also recorded (Fig. 5(d) 
In the presence of H 2 O 2 , MbFe(II) was efficiently converted to its oxidized form, MbFe(III). Consequently, more MbFe(III) molecules were reduced at the electrode surface by the direct electron transfer.
CONCLUSIONS
The enhanced direct electron transfer from Mb to gold nanostructure modified ITO demonstrated here. The H 2 O 2 biosensor was made by immobilizing Mb protein on biocompatible gold nanostructures on ITO electrode surface. The redox formal potential of Mb on AuNPs/ITO was obtained to be 0.19 V ± 0 01 V (vs. Ag/AgCl) at nanostructure AuNPs/ITO surface. The electrochemical CV experimental observation reveals stable confinement of Mb on AuNPs/ITO electrode and its catalytic role in H 2 O 2 reduction. During H 2 O 2 detection, the sensor exhibits a stable, sensitive and good response with retained biological activity of Mb. Thus this provides an efficient strategy and a new promising platform for the study of electron transfer of proteins and the development of biosensors.
